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The histone variant H2AX is rapidly phosphorylated at the sites of DNA double-strand breaks (DSBs). This phosphor-
ylated H2AX (y-H2AX) is involved in the retention of repair and signaling factor complexes at sites of DNA damage. The
dependency of this phosphorylation on the various PI3K-related protein kinases (in mammals, ataxia telangiectasia
mutated and Rad3-related [ATR], ataxia telangiectasia mutated [ATM], and DNA-PKCs) has been a subject of debate; it
has been suggested that ATM is required for the induction of foci at DSBs, whereas ATR is involved in the recognition
of stalled replication forks. In this study, using Arabidopsis as a model system, we investigated the ATR and ATM
dependency of the formation of y -H2AX foci in M-phase cells exposed to ionizing radiation (IR). We find that although
the majority of these foci are ATM-dependent, ~10% of IR-induced y-H2AX foci require, instead, functional ATR. This
indicates that even in the absence of DNA replication, a distinct subset of IR-induced damage is recognized by ATR. In
addition, we find that in plants, y-H2AX foci are induced at only one-third the rate observed in yeasts and mammals. This

result may partly account for the relatively high radioresistance of plants versus yeast and mammals.

INTRODUCTION

The induction of DNA double-strand breaks (DSBs) in eu-
karyotes triggers a number of protective responses including
the upregulation of repair pathways, initiation of cell cycle
arrest, and, in some organisms, the induction of pro-
grammed cell death. DSBs in actively dividing cells are
particularly dangerous. Repair to form translocations and
deletions can lead to loss of heterozygosity, which in turn
leads to carcinogenesis in mammals or lethality in haploid
yeast. For this reason all living things possess the ability to
detect the presence of DSBs and relay this information to the
cell cycle.

Two important protein kinases involved in sensing and
signaling DNA damage in eukaryotes are ataxia telangiec-
tasia mutated (ATM) and ataxia felangiectasia mutated and
rad3-related (ATR; Abraham, 2001; Sancar et al., 2004). In
mammals, ATM is critical for responses to DSBs and signals
downstream cell cycle checkpoint regulators including p53
and Chk2 to coordinate apoptotic responses and/or cell cycle
arrest (Fernandez-Capetillo ef al., 2002). In addition to check-
point regulation, ATM responds to DSBs by interacting with
proteins intimately involved in DNA repair such as the
Mrel1-Rad50-Nbs1 (M-R-N) complex (Gatei et al., 2000; van
den Bosch et al., 2003) and RAD51 (Chen et al.,, 1999). In
comparison, ATR, in a complex with the ATR interacting
protein (ATRIP), is thought to respond primarily to agents
that block replication, recognizing stalled replication forks
and then signaling to Chkl and p53 to induce cell cycle
arrest, replication restart, and apoptosis (Abraham, 2001). In
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striking contrast to ATM, ATR is an essential gene in mam-
mals; defects in the murine homolog cause early embryonic
lethality and loss of ATR in conditional knock-out embry-
onic stem cells rapidly induces death (Brown and Baltimore,
2000; de Klein et al., 2000). This is thought to reflect a
requirement for ATR in the normal replicative cycle (Brown
and Baltimore, 2003; Dart et al., 2004).

One of the earliest known responses to DSB induction is
the phosphorylation of thousands of molecules of the his-
tone variant H2AX at the break site (Rogakou et al., 1998).
Phosphorylated H2AX, known as y-H2AX, forms “foci” at
DSBs induced by ionizing radiation (IR; Rogakou et al.,
1999), meiosis (Mahadevaiah et al., 2001), replication (Ward
and Chen, 2001), and V(D)] recombination (Chen et al., 2000).
Recently, H2AX has been identified as one of the targets of
mammalian ATM and ATR phosphorylation. Probably re-
flecting their somewhat specialized roles in DNA damage
recognition and signaling, it was determined that y-H2AX
forms in an ATM-dependent manner in response to DSB-
inducing agents such as X-rays, etoposide, and bleomycin,
but not UV light or methyl methanesulfonate, agents that
primarily induce DNA dimers and alkyl adducts, respec-
tively (Burma et al.,, 2001). In contrast, it was found that
H2AX is phosphorylated in an ATR-dependent manner in
situations where DNA synthesis is blocked. In response to
hydroxyurea or UV light, ATR-mediated y-H2AX foci were
found in the majority of S-phase cells, whereas very few
nonreplicating G1 cells had y-H2AX foci after the same
treatment (Ward and Chen, 2001). This, taken together with
the facts that ATR-mediated foci colocalize with proliferat-
ing cell nuclear antigen (PCNA; Ward et al., 2004) and that
RPA-bound single-stranded DNA (ssDNA) is a good sub-
strate for ATR/ATRIP binding (Zou and Elledge, 2003) sug-
gests that the ATR/ATRIP complex binds ssDNA and phos-
phorylates H2AX at stalled replication forks.
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Recently, plants defective in homologues of both ATM
and ATR were found to have a number of features in com-
mon with the mammalian mutants. Loss of ATM in Arabi-
dopsis thaliana (Arabidopsis) causes meiotic defects, hypersen-
sitivity to DSB-inducing agents, and an inability to properly
induce IR-mediated transcription of several DNA repair
genes (Garcia et al., 2003). Similarly, defects in the mamma-
lian homolog cause IR sensitivity, prevent activation of ATM
interacting proteins (Shiloh, 2003), and affect meiosis (Bar-
low et al., 1998). Additional hallmarks of mammalian ATM
deficiency include severe growth defects and neurodegen-
erative disease (Shiloh, 2003). In contrast, plant ATM mu-
tants do not exhibit obvious developmental defects in the
absence of DNA damaging agents. Arabidopsis ATR knock-
out mutants are viable, fertile, and phenotypically normal in
the absence of exogenous DNA damaging agents. Like hu-
man conditional ATR knockout lines, mutant atr plants are
hypersensitive to replication antagonists, including UV
light, aphidicolin, and hydroxyurea, and are defective in G2
checkpoints induced by these agents (Culligan et al., 2004).
Thus, many of ATR’s and ATM’s functions are conserved in
plants and mammals.

In this article, using both immunoblotting and immuno-
cytochemistry we demonstrate that ATM and ATR-depen-
dent y-H2AX induction is conserved in plants and that
IR-dependent y-H2AX foci are formed at less than one-third
the rate of mammalian y-H2AX foci, suggesting a lower rate
of DSB induction in plants. Significantly, because we limit
our examination to M-phase cells, we show that ATR con-
tributes to IR-induced y-H2AX focus formation in the ab-
sence of DNA replication, demonstrating a clear role for
ATR in response to IR distinct from its role during S phase.
Furthermore, using mutants defective in either or both of the
Arabidopsis ATM and ATR homologues, we quantify the
contributions of each to IR-induced y-H2AX formation.
These results suggest that ATM and ATR are recognizing
two distinct classes of IR-induced DNA damage products.

MATERIALS AND METHODS

Plant Lines and Human Cells

Wild-type, atr-3, and atm-1 plants are in the Ws ecotype, and atm-2 is in the Col
ecotype (Garcia et al., 2003; Culligan et al., 2004). atm,atr double mutant plants
were constructed using the atm-1 and atr-3 alleles. The atm,atr double mutant
is completely sterile; to isolate double mutants, we PCR-genotyped progeny
of an atr-3 homozygous atm-1 heterozygous plant, which is fertile and pro-
duces seeds that segregate in the expected 1:2:1 manner for atm in a homozy-
gous atr background. Plants for protein extraction were grown on Premier
Prosoil mix (Premier Horticulture, Dorval, Canada), whereas plants for root
tip excision were grown on nutritive MS agar; all plants were grown at 21°C
as described (Friesner and Britt, 2003). Human HCT116 colorectal cells, gra-
ciously donated by Dr. Ken Kaplan (UC Davis), were grown and maintained
as described (Green and Kaplan, 2003).

Ionizing Radiation

Plants for protein extraction were sown on soil as described (Friesner and
Britt, 2003). Approximately 3-wk-old single mutant plants (before bolting), or
4-6-wk-old double mutant plants with buds removed, were irradiated at
doses indicated in the figures, with a '37Cs source (7.5 Gy min~}; Institute of
Toxicology and Environmental Health, University of California, Davis).
Plants were harvested at times indicated, placed into liquid nitrogen, and then
stored at —80°C until protein extraction. Seeds grown for root tip excision
were sterilized and plated onto nutritive agar as described (Friesner and Britt,
2003). Five- to 8-d-old seedlings were irradiated at doses indicated and
immersed in fixative at times indicated, and root tips were excised (see Root
Tip Excision, below). Plants involved in repair time course studies were
returned to growth chambers and harvested at times indicated. Flasks of
HCT116 cells were exposed to 100 Gy of IR or mock-irradiated, trypsin-
harvested 30 min later, lysed, and subject to acid extraction as described
(Karlsson and Stenerlow, 2004). After removal from incubation, cells were
kept at room temperature before extraction.
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Antibody Production

Anti- plant y-H2AX antibody was prepared by AnaSpec (San Jose, CA)
against the synthetic peptide CVGKNKGDIGSA(p)SQGEF (the cysteine was
added during preparation). These amino acids are identical in both the
putative Arabidopsis H2AX proteins H2AXa and H2AXb. The peptide was
conjugated to keyhole limpet hemocyanin and injected into two rabbits.
Immune serum was first passed over a column containing immobilized
CVGKNKGDIGSA(p)SQGEF to retain phospho-specific antibodies, eluted,
and passed over a second column containing immobilized CVGKNKGDIG-
SASQGEF to remove antibodies to unphosphorylated H2AX. The flow-
through from this column was used in experiments in this study. ELISA
analysis was performed by AnaSpec to demonstrate the specificity of the
antibody to phosphorylated H2AX peptide.

Acid Extraction of Proteins

To enrich samples for histones, acid extraction of plant tissue was performed
essentially as described (Jackson ef al., 2004), with the following modifications;
Sodium fluoride (Acros, Morris Plains, NJ) and sodium ortho-vanadate (Ac-
ros) were added to concentrations of 30 and 100 mM, respectively, to inhibit
protein phosphatases. Protein samples were quantified using the Bio-Rad
Protein Assay (Bio-Rad Laboratories, Richmond, CA), using bovine serum
albumin (BSA) to create a standard curve. Human HCT116 cells were acid
extracted as described (Karlsson and Stenerlow, 2004) with benzamide and
aprotinin omitted. Protein concentration was estimated by comparing serial
dilutions of samples on a gel stained with Coomassie-blue. Five percent
2-mercaptoethanol, 5-10% 1.5 M Tris-HCl, pH 8.8 (to neutralize samples, if
needed), and 5X sample loading buffer (10% SDS, 0.5% bromophenol blue,
313 mM Tris-HCl, pH 6.8, 50% glycerol) were then added to each tube, and
samples were boiled for 5 min. Samples were stored at —20°C until used for
immunoblotting. Before loading, samples were reboiled for 3 min.

Immunoblotting

For plant protein blots, ~20 ug of protein samples was loaded into each well
of a 4-20% Tris-glycine-SDS gradient precast polyacrylamide gel (iGel, Gra-
dipore, Hawthorne, NY) before electrophoresis. Gels were transferred to
PVDF membranes (Immobilon-P, Millipore, Bedford, MA) overnight at 95
mA, 4°C with either CAPS/methanol buffer (10 mM CAPS, 10% methanol, pH
11) or nonmethanol buffer (48 mM Tris base, 39 mM glycine, to pH 9.3 with
NaOH). Blots were incubated in 3% skim milk in 1X Tris-buffered saline
(TBS)-T (0.05% final concentration Tween-20) either overnight at 4°C, or at
room temperature for 3-5 h, on a rotating platform. Blots were then incubated
overnight at 4°C in rabbit antiplant y-H2AX primary antibody diluted 1:5000
in 3% skim-milk/1X TBS-T. Blots were briefly rinsed three times with ddH,0,
washed three times for 5 min each in large volumes of ddH,0, and then once
in 1X TBS-T for 15 min at room temperature on a rotating platform. Blots
were then incubated with anti-rabbit immunoglobulin horseradish peroxida-
se-linked secondary antibody (Amersham Biosciences NA934V, Piscataway,
NJ) at a dilution of 1:10,000 in 3% skim milk/1X TBS-T for 1-2 h at room
temperature on a rotating platform. Blots were washed as before and exposed
for various times, typically 45 s to 5 min, to x-ray film (Hyperfilm ECL,
Amersham Biosciences; or CL-Xposure film, Pierce, Rockford, IL) after incu-
bation with enhanced chemiluminescence reagents (ECL+) as described
(RPN 2132, Amersham Biosciences). After film exposures, blots were stained
for 5 min in Ponceau S (P-3504, Sigma, St. Louis, MO) solution, and destained
with ddH,0 to visualize proteins and estimate protein loading. For Western
blots containing human cell, protein samples were separated on a 12.5%
polyacrylamide gel and transferred to nitrocellulose membranes for 4 h at 400
mA and 4°C using 20% methanol transfer buffer. Blots were incubated in 2%
nonfat dry milk in 1X TBS-T for 1 h at room temperature. Blots were
incubated for 2 h at room temperature in either polyclonal anti-human
y-H2AX primary antibody (Upstate Biotechnology, Lake Placid, NY) diluted
1:1000 or polyclonal antiplant y-H2AX primary antibody diluted 1:4000 in
phosphate-buffered saline (PBS)-gelatin. Blots were washed and incubated for
1 h at room temperature in anti-rabbit secondary antibody as described above.
Blots were exposed to x-ray film as described above, except the SuperSignal
West Pico detection system by Pierce was used as directed. Film exposures
and Ponceau S-stained blots were scanned to retain digital images.

Root Tip Excision and Slide Preparation

Root tips were excised as described (Liu ef al., 1993), with the following
modifications: root tips were fixed for 45 min in freshly prepared 4% form-
aldehyde solution in 1X PME and then washed with 1X PME five times for
5 min each. Tips were digested for 30 min in a 1% cellulase solution (Onuzuka
RS cellulase, Research Products International, Mount Prospect, IL) prepared
in 1X PME and washed five times for 5 min with 1X PME as before. Root tips
were squashed gently onto gelatin-coated slides as described (Liu et al., 1993);
slides were allowed to air dry and placed at —80°C until antibody incubation.
Before immunostaining, slides were removed from —80°C, warmed at room
temperature for 15-25 min, and rehydrated in 1X PME. Slides were incubated
with 0.5% Triton X-100 (Sigma) in 1X PME for 10-15 min, rinsed with 1X
PME, incubated three times for 5 min in 1X PME, and then immersed in
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—20°C methanol for 10 min. Slides were immediately placed in 1X PBS for 10
min and then washed three times for 5 min with 1X PBS. All washes were
performed at room temperature.

Immunostaining

Slides were incubated with our rabbit antiplant y-H2AX and commercially
available mouse monoclonal antialpha tubulin (Sigma, clone DM1A) antibod-
ies. Antibodies were diluted 1:400-1:800 for anti-y-H2AX, and 1:600-1:800 for
anti-a-tubulin in dilution solution (3% BSA, 0.05% Tween-20, 0.02% NaNj in
1X PBS, stored at 4°C). Fifty microliters of diluted primary antibodies were
applied to each slide for 3 h at room temperature or overnight at 4°C. Slides
were washed three times in 1X PBS for 5 min each and incubated for 2-3 h at
room temperature in 50 ul antibody dilution solution consisting of FITC-
conjugated donkey anti-rabbit (Rockland Immunochemicals, Gilbertsville,
PA, 1:800 or 1:1000) or Alexa 488—conjugated goat anti-rabbit (Molecular
Probes, Eugene, OR, 1:800 or 1:1000) and Texas red-X—conjugated goat anti-
mouse (Molecular Probes, 1:800 or 1:1000) secondary antibodies. Slides were
washed as before. Finally, slides were mounted in DAPI-containing mounting
medium to visualize plant chromosomes (100 mM Tris-HCI, pH 9.2, 50%
glycerol, 2 pug/ml DAPI, 1 ug/ml phenylene diamine, stored at —80°C);
coverslips were applied and sealed with clear nail polish, and slides were
placed at 4°C overnight before examining. Nuclei were visualized using a
Nikon Eclipse E600 epi-fluorescence microscope (Melville, NY) equipped
with a mercury lamp. Images were viewed using ImagePro Plus software
(Media Cybernetics, Silver Spring, MD) and captured using a Hamamatsu
digital camera (C4742-95, Bridgewater, NJ), equipped with a UniBlitz shutter
driver (model D122). Images were captured using a 100X oil lens, and
exported as 24-bit RGB composite images, and 8-bit grayscale individual
images. A scale bar was drawn in Adobe Photoshop (San Jose, CA) after
capturing an image of a micrometer (AO, 0.1 mm/10 um divisions) at 100X
magnification. A 5-pum scale bar was inserted into unmanipulated images and
then resized as part of the image.

RESULTS

Putative Arabidopsis H2AX Protein Homologues

The presence of H2AX sequence homologues in widely di-
vergent organisms including Homo sapiens, Saccharomyces
cerevisiae, and Arabidopsis (Redon et al., 2002) suggests that
these proteins are conserved throughout eukaryotes. Our
search of the Arabidopsis genome database, using the human
H2AX amino acid sequence as a query, revealed two puta-
tive H2AX protein homologues that we term H2AXa and
H2AXb. The genes encoding the proteins are located ~17 Mb
apart on opposite sides of the centromere on Chromosome I.
Both predicted proteins are 143 amino acids in length and
differ in only two positions: H2AXa (GenBank locus
At1g08880) codes for threonine at position 3, whereas
H2AXb (GenBank locus Atlg54690) codes for serine, and at
position 44, H2AXa codes for serine, whereas H2AXb codes
for alanine. Both possess the canonical C-terminal SQ motif
shared by all H2AX protein homologues that is the site of
DNA DSB-induced phosphorylation. Histones are highly
conserved proteins in eukaryotes, and 13 putative Arabidop-
sis H2A homologues have been identified in the plant chro-
matin database (http://www.chromdb.org/). Of these se-
quences, H2AXa and H2AXb share more identity
throughout their coding regions than either shares with any
other H2A homolog, suggesting that they may represent a
recent gene duplication event (Arabidopsis Genome, 2000;
Mitchell-Olds and Clauss, 2002). Expressed sequence tags
(ESTs) for both genes are present in GenBank, indicating
that both are transcribed, but functional data will be needed
to demonstrate whether the two genes have distinct or over-
lapping roles.

In addition to these two putative H2AX homologues, we
found a third Arabidopsis mRNA sequence in GenBank (lo-
cus tag BT002503) more closely related to the human H2AX
sequence than the previous two. The amino acid sequence
corresponding to the translated mRNA was so similar to the
human sequence that when used in a database search, the
most significant matches were mammalian, rather than plant
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sequences. Furthermore, BLAST searches could not map the
mRNA sequence to any Arabidopsis chromosomal locus, sug-
gesting it was encoded by a different organism. The se-
quence is probably an incorrectly labeled database contam-
inant, presumably of mammalian origin.

A Plant-specific y-H2AX Antibody Recognizes an
IR-induced Antigen in Plant and Human Cells

Previous research had demonstrated that an antibody raised
against the C-terminus of human y-H2AX could detect
H2AX phosphorylation in Xenopus laevis, Drosophila melano-
guaster, and S. cerevisiae, suggesting it might similarly cross-
react with plant y-H2AX (Rogakou et al., 1999). We obtained
both monoclonal and polyclonal antibodies raised against
the C-terminus of human y-H2AX (Upstate Biotechnology)
and performed immunoblotting of irradiated and unirradi-
ated plants. We found that the human antibodies detected a
faint 16-kDa protein in plant extracts, approximately the
predicted size for plant y-H2AX, but the level of cross-
reactivity was low and in some blots the protein was ob-
served in both irradiated and unirradiated samples (unpub-
lished data). This lack of specificity for irradiated plant
tissues suggested that either plant H2AX is always phos-
phorylated to some extent, or that, regardless of the high
degree of similarity between the plant and human proteins,
some critical difference must allow the antibody to also
recognize unphosphorylated plant H2AX and/or some
other protein of similar size.

Because of the low cross-reactivity of the human y-H2AX
antibody for irradiated plant extracts, we generated an an-
tibody to the putative plant homologues. A synthetic pep-
tide corresponding to the phosphorylated C-terminal 14
amino acids of Arabidopsis y-H2AX (identical in H2AXa and
H2AXb) was synthesized and a polyclonal antibody was
raised in rabbits. The plant y-H2AX antibody recognized an
~16-kDa protein in extracts made from irradiated wild-type
plants. The antibody also recognized a minimal background
band that comigrated with y-H2AX in unirradiated plants;
this may represent a very low steady state level of phos-
phorylated H2AX, recognition of the nonphosphorylated
protein by the polyclonal antibodies, or recognition of some
unrelated protein. Within 2 min after treatment with 50 Gy,
a dose requiring approximately 7 min of IR exposure, we
observed a strong induction of y-H2AX (unpublished data)
that reached maximal amounts within 20 min (Figure 1A).
Our plant y-H2AX antibody detected an IR-induced 16-kDa
protein in human cells as well, although detection of this
signal required a larger application of protein to the blot
(Figure 2). In contrast, a commercially available human an-
tibody, although recognizing both the plant and animal
IR-induced protein, was able to detect the human protein
with much greater sensitivity (unpublished data). The fact
that both the human and plant antibodies detect the same
IR-induced signal in both plant and animal cells indicates
that our antibody is indeed detecting y-H2AX. The identity
of the higher molecular weight protein at ~28 kDa is not
known (Figure 1) but it typically appears in all samples,
regardless of IR exposure. We believe these bands may
represent background cross-reacting protein; however, we
do observe some variability in the presence and prominence
of this high-molecular-weight protein between immuno-
blots.

Induction of Plant y-H2AX Is IR Dose Dependent

Protein samples from wild-type Arabidopsis plants exposed
to increasing doses of IR were subjected to immunoblotting
and probed with the plant y-H2AX antibody. We observed a
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Figure 1. y-H2AX protein induction in wild-type plants. (A)
v-H2AX induction was assessed over a time course of 10—40 min by
immunoblotting. Plants were irradiated with 50 Gy of IR and har-
vested at the times indicated, which included the time required to
deliver the radiation (~7 min). (B) y-H2AX induction assessed after
increasing doses of IR. Plants were treated with IR as indicated and
harvested 15 min after removal from the gamma source. Immuno-
blots were stained with Ponceau S (PS) and the major protein bands
at the top of the blot were compared with qualitatively control for
protein loading. Figures are representative blots from two experi-
ments. nt, not treated with IR.

strong induction of y-H2AX after IR exposure and protein
levels increased with dose (Figure 1B). These data support
the prediction that by increasing IR dose, H2AX protein
phosphorylation will increase in response to higher levels of
DNA damage and suggests that plant y-H2AX may serve as
an indicator of DSB induction in the plant genome.

IR-induced y-H2AX Foci in M-phase Nuclei

Even correcting for its small genome size, Arabidopsis is a
relatively radiation-resistant organism. For this reason we
are interested in determining whether the rate of DSB for-

IR dose (Gy)
nt 100 nt

100

v-H2AX

h

PS stain “

human cells plant cells

Figure 2. Protein recognition by the antiplant y-H2AX antibody in
irradiated human cells. Human HCT116 colorectal cells were ex-
posed to 100 Gy of IR and harvested 30 min after removal from the
gamma source. A membrane containing equal amounts of irradi-
ated and mock-irradiated protein samples was probed with the
plant y-H2AX antibody. Plant samples were included in the exper-
iment for comparison. PS stain, Ponceau S stain as in Figure 1. nt,
not treated with IR.
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Figure 3. y-H2AX focus formation in wild-type plants. Immuno-
fluorescence of root tip nuclei demonstrates IR-dependent y-H2AX
focus induction. Wild-type plants were irradiated with increasing
doses of IR and then paraformaldehyde-fixed 5 min after removal
from the gamma source. DNA is visualized with DAPI, and merged
images overlay y-H2AX foci onto chromosomes. Scale bar, 5 um. nt,
not treated with IR.

mation by IR is reduced in plants. In mammalian cells, the
appearance of y-H2AX foci clearly correlates with DSB in-
duction, and its loss, with DSB repair (DSBR) (Rothkamm
and Lobrich, 2003). Given the obvious value of this assay for
DSB induction and repair, identifying an analogous plant
process would contribute significantly to our ability to elu-
cidate similar and/or unique features of plant DSBR.

To determine whether plant y-H2AX foci could also be
visualized in response to IR-induced damage, we performed
in situ immunostaining experiments using Arabidopsis root
tip nuclei. However, most of the DNA in plant cells is
endoreduplicated to varying degrees, confounding our abil-
ity to accurately determine the number of foci per Gy per
Gbp (gigabase pair). Thus, we chose to look at M-phase cells,
which in the primary root tip meristem are strictly diploid
(D’Amato, 1964). We did not observe any y-H2AX foci in
unirradiated wild-type M-phase cells, but discrete, chromo-
somally located y-H2AX foci appeared very quickly after
exposure to IR. The intense, localized y-H2AX staining on
chromosomes made it possible to count individual foci (Fig-
ure 3). Induction of foci by gamma was approximately linear
with dose (Table 1, Figure 4). If we assume the diploid
replicated (4N) Arabidopsis genome of an M-phase cell is
~500 Mbp, this corresponds to ~1.1-2 foci/Gy-Gbp.

v-H2AX Induction and Disappearance in Repair-proficient
Plants

It has been demonstrated that each y-H2AX focus is equiv-
alent to one DSB (Rogakou et al., 1999), and disappearance of
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Table 1. y-H2AX focus formation in wild-type plants

Dose
0 Gy 2.5 Gy 5 Gy 10 Gy 25 Gy
Average no. of foci/cell
Trial 1 0+0(6) 2.75 + 0.28 (16) 3.91 = 0.23 (28) 6.4 = 0.24 (24) 14.3 = 1.14 (6)

Trial 2
Opverall

0+0(13)
0+ 0(19)

2.38 + 0.12 (45)
248 =+ 0.12 (61)

453 + 0.33 (18)
416 + 0.19 (46)

6.2 = 0.22 (20)
6.3 = 0.16 (44)

12.7 +1.20 (3)
14.1 + 0.89 (9)

Values are + SE with the number of cells in parentheses.

v-H2AX is a reliable indicator of DSBR in mammalian cells
(Rothkamm and Lobrich, 2003). To determine the rate at
which plant y-H2AX disappears after induction, we irradi-
ated wild-type plants and harvested tissue after allowing
variable time for DNA repair. Similar to our previous ex-
periments, immunoblotting revealed a large initial induction
of y-H2AX in plants harvested shortly after irradiation (Fig-
ure 5). Within 2 h, the majority of y-H2AX had disappeared,
and by 48 h postirradiation, y-H2AX staining had decreased
to unirradiated levels, suggesting that most DSBs are re-
paired quite rapidly in wild-type plants, and only a small
number of IR-induced lesions persist. The different rates of
v-H2AX loss we observe may represent the well-character-
ized phenomenon of differential rates of DSBR (Glasunov et
al., 1989; Kodym and Horth, 1995; Iliakis et al., 2004); al-
though the majority of DSBs are quickly repaired, a small
subset, perhaps requiring more time and/or different repair
complexes for resolution, persist (Nazarov et al., 2003). An
alternative, but not exclusive possibility, is that some of the
persisting fraction represents indirectly induced DSBs trig-
gered by replication fork collapse in S-phase cells, or
y-H2AX focus formation at non-DSB lesions (Limoli et al.,
2002; Ward et al., 2004).
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2 N
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0 5 10 15 20 25
Dose (Gy)

Figure 4. Approximately linear induction of y-H2AX foci as a
function of IR dose. Error bars, SEM of the values obtained from two
experiments. Except for the 25-Gy data point, SEM bars are smaller
than the data point symbols.
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Figure 5.

v-H2AX induction and disappearance in wild-type
plants. Plants received 100 Gy of IR and then were returned to
growth chambers and harvested at the times indicated. The immu-
noblot is representative of four experiments. PS stain, Ponceau S
stain as in Figure 1. nt, not treated with IR.

Minutes post-IR
nt 15 nt 15 nt 15

wildtype _atm-2 _ atr-3

Figure 6. y-H2AX induction in atm and atr mutants. Immunoblot
of wild-type, atm, and atr plants, in the presence or absence of IR.
Plants were irradiated with 100 Gy and harvested 15 min after
removal from the gamma source. PS, Ponceau S stain as in Figure 1.
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Figure 7. y-H2AX induction in atm and atr
mutants. (A) IR-dependent y-H2AX focus
formation detected by immunofluorescence
in atr mutant plants. (al and a2) Two focal
planes of one unirradiated cell; (b) one focal
plane of another unirradiated cell. (c1 and c2)
Two focal planes of one cell; (d1 and d2) two
focal planes of a different cell treated with 25
Gy. (B) IR-dependent y-H2AX focus forma-
tion detected by immunofluorescence in atm
mutant plants. (a and bl/b2) Two unirradi-
ated atm nuclei, the second with two focal
planes shown. (c—e) A single focal plane from
three atm nuclei exposed to 25 Gy. Scale bar,
5 um. (C) y-H2AX foci in ATM-deficient cells
going through anaphase (a) or late meta-
phase (b). Mitotic microtubules are marked
with mouse anti-a-tubulin antibodies and visu-
alized in conjunction with y-H2AX foci and
plant chromosomes. nt, not treated with IR.

C

25 Gy

AtATR and AtATM Have Complementary Roles in
IR-induced y-H2AX Formation

To determine if either AtATM or AtATR are responsible for
the phosphorylation of histone H2AX in response to ioniz-
ing radiation, we examined y-H2AX induction in atm and atr
mutant plants. In this study, we used two alleles of ATM,
atm-1 and atm-2 (Garcia ef al., 2003), and one of ATR, atr-3
(Culligan et al., 2004). All three lines were generated by
T-DNA insertional mutagenesis and each contains a T-DNA
insertion in the 3’ region of the gene. The mutation in atm-1
prevents ATM protein expression, and atm-2 is phenotypi-
cally indistinguishable from atm-1, suggesting both are null
alleles. Both are sensitive to IR and defective in meiosis
(Garcia et al., 2003). The insertion in atr-3 lies in the highly
conserved C-terminal kinase domain and RT-PCR analysis
confirms the ATR transcript is absent, suggesting it is also a
null allele (Culligan et al., 2004).

We observed IR-dependent y-H2AX induction in wild-
type, as well as ATM- and ATR-deficient plants via immu-
noblotting (Figure 6). To support these qualitative data we
quantified IR-induced y-H2AX foci in atm and atr root tips.
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While y-H2AX foci were readily apparent in afr nuclei (Fig-
ure 7A), the number was severely reduced in atm nuclei
(Figure 7B). Typically, one or two foci were seen in atm
nuclei, and ~25% had no foci at all. In comparison to wild-
type plants, which have ~14 foci per cell at this dose (25 Gy),
the average number of y-H2AX foci was 10.5 = 0.31 in atr
plants and 1.2 = 0.17 in atm plants (Table 2). Because the foci
averages for wild-type and atr plants were close in value,
and because at this dose, some foci overlap, we also exam-
ined atr plants after 10 Gy of IR. Similar to the data at 25 Gy,
foci induction in atr plants was slightly, but significantly,
reduced after 10 Gy in comparison to wild-type plants (Fig-
ure 8). The level of focus formation in atm plants was some-
what puzzling given the immunoblot data that suggested
loss of AtATM caused only a slight reduction in y-H2AX
induction in comparison to wild-type plants (Figure 6). It
may be that the differences we observe in the two methods
of examining y-H2AX induction are due merely to the qual-
itative nature of our immunoblots. Alternatively, it is possi-
ble that the fairly robust y-H2AX induction observed in atm
mutants in Figure 6 is due to the use of cycling cells in
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Table 2. AtATR and AtATM both contribute to y-H2AX focus for-
mation

Dose
Plant line 0 Gy 10 Gy 25 Gy
Wild-type
Trial 1 0=*=0(6) 6.4 +0.24 (24) 14.8 = 1.14 (6)
Trial 2 0+ 0(13) 6.2 = 0.22 (20) 12.7 = 1.20 3)
Overall 0=*=0(19) 6.3 = 0.16 (44) 14.1 = 0.89 (9)
atr
Trial 1 0+0(14) 5.3 + 0.29 (17) 10.3 *+ 0.80 (6)
Trial 2 0= 0(14) 5.5 = 0.29 (23) 10.5 = 0.31 (14)
Overall 0+0(28) 5.4 + 0.21 (30) 10.5 + 0.89 (20)
atm
Trial 1 0=0(24) 1.4 +0.26 (12)
Trial 2 0+0(23) 1.1 = 0.22 (19)
Overall 0+0(47) n.d. 1.2 +£0.17 (31)
atm,atr
Trial 1 0*+0(3)
Trial 2 0=0(5)
Trial 3 0=*=0(7)
Overall n.d. n.d. 0=0(15)

Values are the average number of foci/cell = SE, with the number
of cells in parentheses. Data are from Table 1. n.d., not determined.

immunoblotting experiments while we limit our examina-
tion to M-phase cells during immunofluorescent micros-
copy. Some proportion of cycling cells will be undergoing
replication at the time of IR exposure and it is well estab-
lished in mammalian cells that y-H2AX induction is primar-
ily dependent on ATR, rather then ATM, during S phase
(Ward and Chen, 2001). It is possible that some of the
v-H2AX observed in atm immunoblots is due to ATR-de-
pendent H2AX phosphorylation at sites of IR-induced rep-
licational stress.
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Figure 8. y-H2AX induction in wild-type and atr plants. Compar-

ison of y-H2AX focus induction averages from wild-type and atr
plants exposed to 10 or 25 Gy. Error bars, SEM of the values
obtained from two experiments.
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Figure 9. +y-H2AX induction in atm,atr double mutant plants. (A)
Immunoblot of wild-type and atm,atr plants. Plants were treated
with 25 Gy and harvested 15 min after removal from the gamma
source. The immunoblot is representative of three experiments. PS
stain as in Figure 1. (B) IR-dependent y-H2AX focus formation
detected by immunofluorescence in atm,atr double mutant plants.
(@) One focal plane of a single nucleus; (b1/b2 and c1/c2) two focal
planes each of two separate nuclei; (d and e) one focal plane of two
separate nuclei. All nuclei are from plants irradiated with 25 Gy.
Scale bar, 5 um. n.t., not treated with IR.

These data suggest that both AtATR and AtATM are in-
volved in the IR-induced phosphorylation of H2AX and that
AtATM is directly or indirectly responsible for the majority
(~90%) of focus formation in M-phase cells. The low resid-
ual number of foci in atm plants suggests that, in the absence
of ATM, another kinase can phosphorylate H2AX in re-
sponse to IR; one obvious candidate is ATR. To determine if
the ATR homolog was responsible for the few remaining
IR-induced foci in atm plants, we examined y-H2AX induc-
tion in an atm,atr double mutant. In contrast to wild-type,
atm, and atr single mutant plants (Figure 6), no y-H2AX
induction was observed in immunoblots of atm,atr double
mutants after IR exposure (Figure 9A). To confirm these
data, atm,atr seedlings were irradiated with 25 Gy, and root
tip nuclei examined for the presence of y-H2AX foci. As
expected based on the immunoblotting data, no y-H2AX foci
were observed in atm,atr nuclei (Figure 9B, Table 2). These
data suggest that although formation of most y-H2AX foci is
dependent on AtATM, AtATR is capable of phosphorylating
a limited subset of IR-induced lesions.

It is known that ATR-dependent y-H2AX foci form in
response to replicational stress (Ward et al., 2004) raising the
obvious question of whether the foci observed in atm plants
were from cells exposed to IR while in S phase. Plants were
harvested between 5 and 20 min after irradiation and all
cells examined were in prometaphase or later, well past
nuclear envelope breakdown, a process requiring more than
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Table 3. Lower DSB induction in plants

Average no.
of foci or DSBs

Organism per Gy-Gbp Reference

Arabidopsis 1.25-22 This study

Tobacco

BY-2 cells 2.0b Yokota et al. (2005)

Yeast (S. cerevisiae) 5.4b Prise et al. (1998)

CHO-K1 cells 6.6, 5.5P Yokota et al. (2005),°
Cedervall et al. (1995)®

Human fibroblasts 6.0,2 6.5° Rothkamm and Lobrich

(2003)

aFoci or PDSBs.

20 min to complete (Wolniak and Larsen, 1992; Hush et al.,
1996; Vos et al., 2000). Thus, it is clear that the ATR-depen-
dent foci seen in atm mutants are induced during mitosis
rather than in the preceding S phase. We used an antibody
against tubulin to visualize the mitotic spindle and deter-
mine the phase of all cells examined; in one experiment, 24
of 32 atm cells were in anaphase or metaphase with the
remainder in prometaphase (Figure 7C). In the absence of
both AtATM and AtATR, y-H2AX induction in response to
IR is completely abrogated, suggesting both play a role in
response to IR-induced DNA damage. Given that the aver-
age number of foci is reduced in each mutant, these data
might be further interpreted to suggest that each kinase
recognizes a discrete subset of IR induced lesions in M-
phase cells.

DISCUSSION

Data suggest that plants are more resistant than mammals to
the induction of DNA lesions. One possible explanation is
that in plants, fewer DNA lesions are formed in response to
IR, resulting in a lesser insult to the genome. Alternatively,
but not exclusively, it is possible that plants possess a greater
capacity for DNA repair and/or damage tolerance than do
mammals. Thus far it has been difficult to address these
questions in plants due to the lack of a method for measur-
ing DSB induction and repair that is both uncomplicated
and robust. In this study we describe the development of
such a technique and use it to demonstrate that comparable
doses of IR appear to induce fewer DSBs in Arabidopsis than
in mammalian cells. Additionally, using mutants defective
in the plant homologues of ATM and ATR, we demonstrate
the contribution of each to the phosphorylation of histone
H2AX in response to IR. Because we limit our focus to
M-phase nuclei, these data demonstrate a role for ATR in
v-H2AX induction distinct from its conventional role during
S phase.

IR Induces Fewer y-H2AX Foci in Plants than in
Mammals

v-H2AX formation is rapid in mammals, with the first mol-
ecules observed within 20 s of irradiation. y-H2AX protein
levels continue to rise with peak formation between ~10 and
30 min after irradiation (Rogakou ef al., 1998). We found that
in plants, y»-H2AX formation was observable soon after ir-
radiation, peaking at some point between 20 and 40 min
after exposure. As observed in mammals and fungi, the
production of y-H2AX increases with increasing damage to
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the DNA. In contrast, however, the number of foci generated
per Gy per Gbp is significantly lower in Arabidopsis than
mammals or fungi. We find that ~1.25-2 y-H2AX foci/Gy-
Gbp are induced in M-phase root tip nuclei. In comparison,
6 foci/Gy-Gbp, shown to be equivalent to 6 DSBs/Gy-Gbp,
are induced in human cells (Rothkamm and Lobrich, 2003),
and 5.4 DSBs/Gy-Gbp are induced in yeast (Prise et al.,
1998). This suggests that IR actually induces less damage per
base pair in the plant genome or that plants fail to form foci
at a majority of IR-induced damage sites.

Studies performed on y-H2AX induction in mammalian
cells have convincingly demonstrated that each focus is
approximately equivalent to one DSB (Sedelnikova et al.,
2002; Rothkamm and Lobrich, 2003), with focus formation
and loss reflecting DSB induction and repair. Supporting the
notion that we too are observing focus formation primarily
at DSBs, other investigators, directly assaying DSB forma-
tion in plant cells via pulse-field gel electrophoresis (PFGE),
have found a relatively low rate of induction of breaks/Gy-
Gbp. Yokota et al. performed PFGE (Rydberg et al., 1994;
Lobrich et al., 1995; Whitaker ef al., 1995) in tobacco BY-2
cells and Chinese hamster ovary (CHO) cells to directly
quantitate and compare IR-dependent DSB induction. They
determined DSB induction in tobacco cells was only one-
third the rate of CHO cells (2.0 = 0.1 vs. 6.6 = 0.2 DSBs/
Gy-Gbp; Yokota et al., 2005), and the consistency of their
CHO DSB induction data with previously published data
suggests their methodology is reliable (Table 3; Cedervall et
al., 1995). This suggests that plants are, like yeast and mam-
mals, forming y-H2AX foci at DSBs and that the lower rate
of focus formation observed in plants is simply due to a
lower rate of damage induction by IR.

What is the basis for lower IR-dependent DSB induction in
plants? One possibility is that endogenous plant materials
can prevent strand breakage by physically intercepting
DNA-damaging molecules. As obligate photosynthesizers,
plants frequently must cope with oxidative stress because
the photosynthetic process forms reactive oxygen species
(ROS) that can interact with and damage intracellular com-
ponents including nucleic acids (Noctor and Foyer, 1998).
The same ROS are also induced by IR-mediated ionization of
water molecules that, if formed within radical diffusion dis-
tance of DNA, can create lesions including DSBs (Friedberg,
1985). To cope with photo-oxidative damage, plants possess
a large repertoire of antioxidants (reviewed in Larson, 1988),
compounds that effectively eliminate ROS produced via
photosynthesis as well as those from nonphotochemical
sources. Thus, it is possible that the lower y-H2AX induction
we observe in plants is due to the action of antioxidants that
scavenge IR-induced ROS before they encounter DNA.

The finding that IR induces fewer DSBs in plants is con-
sistent with their higher relative radioresistance. Because
fewer lesions are induced per Gy, it is reasonable that a
higher dose is needed to effect damage comparable to that
inflicted upon mammalian and yeast cells. But is the ele-
vated radioresistance observed in plants directly equivalent
to the decrease in DSB induction? One way this question can
be addressed is to compare the number of DSBs required to
effect 50% lethality (LDs,) in yeast and mammals, or in the
case of Arabidopsis, to completely arrest growth. The LDg is
~1.5 Gy for diploid human fibroblasts (Cole et al., 1988) and
~400 Gy, or 250-fold higher, for diploid yeast (Resnick, 1969;
Resnick and Martin, 1976). However, because the yeast ge-
nome is ~250-fold smaller than that of humans, the LDg,
values correspond to induction of ~54 and 52 DSBs respec-
tively making them comparable on a per DSB basis. In
comparison, 400 Gy is required simply to arrest growth in
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wild-type Arabidopsis plants (J. Friesner, unpublished re-
sults; Hefner et al., 2003), yet the plant’s genome is only
25-fold smaller than the human genome. Therefore, even
after accounting for the lower rate of DSB induction, it
requires between 125 and 200 DSBs to completely arrest
growth in Arabidopsis.

Arabidopsis ATM and ATR Both Contribute to y-H2AX
Focus Formation

In addition to ATM and ATR, a related mammalian protein,
the DNA-dependent protein kinase (DNA-PK), has been
implicated in the y-H2AX induction response to DSBs (Park
et al., 2003; Stiff et al., 2004). Although it is clear that ATM,
ATR, and DNA-PK are important for responding to DNA
damage and effecting DSBR and/or cell cycle regulation,
there are a number of contradictory reports in the current
literature about the involvement of each in DSB-dependent
v-H2AX induction. In an early report, a 95% reduction in
v-H2AX focus formation was observed in atm-deficient
mouse fibroblasts, suggesting that ATM was primarily re-
sponsible for IR-induced focus formation. On the other
hand, more recent studies report normal (Kuhne et al., 2004;
Stiff et al., 2004), or at most, only mild reduction (Karlsson
and Stenerlow, 2004) in focus formation in primary fibro-
blasts derived from atm patients, making it unclear to what
extent ATM is involved in IR-dependent y-H2AX induction.
Complicating matters further, in studies that examined
v-H2AX formation in the DNA-PK-deficient cell line M059],
one reported atypical focus induction (Paull et al., 2000),
whereas two concluded induction was normal (Karlsson
and Stenerlow, 2004; Stiff et al., 2004). The difficulty in inter-
preting these data are compounded by the fact that M059]
cells are also partially defective in ATM (Chan et al., 1998;
Gately et al., 1998).

In contrast to ATM and DNA-PK, ATR is believed to
primarily respond to DNA damage that results from repli-
cation blockage (Abraham, 2001; Furuta et al., 2003; Ward et
al., 2004), although there is evidence that ATR can compen-
sate for the absence of ATM in certain situations (Siliciano et
al., 1997; Cliby et al., 1998). Interestingly, chromosomes in
ATR-deficient mouse blastocyst mitotic spreads are exten-
sively fragmented (Brown and Baltimore, 2000), and “fragile
sites,” regions in the genome that are especially susceptible
to genomic instability after replication stress and appear
cytologically as gaps or breaks on metaphase chromosomes,
are increased 10-20-fold in ATR-deficient cells (Casper et al.,
2002). Although these data may suggest that ATR protects
against DSB formation via a role in M phase, it appears more
likely that these aberrations are actually due to errors that
occurred in the preceding S phase and simply become ap-
parent in M phase (Brown and Baltimore, 2000; Casper et al.,
2002; Cimprich, 2003). Thus, the combined literature places
the functions of ATR primarily in situations of replicational
distress.

The mammalian studies that seek to determine the rela-
tive contribution(s) of PIKK family members to H2AX phos-
phorylation are hampered by the inability to delete ATR, an
essential gene in mammals, thus precluding combining ATR
null alleles with ATM, and/or DNA-PK deficiencies. Homo-
logues of DNA-PK have not been found in any nonverte-
brates, suggesting that AtATM and/or AtATR are responsi-
ble for phosphorylating H2AX in Arabidopsis. The lack of
DNA-PK, and the availability of viable ATM and ATR Ara-
bidopsis null mutants allowed us to definitively determine
the kinases involved in, and their relative contributions to,
IR-induced y-H2AX formation in M-phase cells.
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We find that y-H2AX focus formation in atm M-phase
nuclei is reduced to <10% the level in wild-type nuclei,
suggesting that AtATM is primarily responsible for IR-in-
duced y-H2AX formation in M-phase cells (Table 2). We also
find that atr single mutants have slightly, but significantly,
reduced focus formation in irradiated M-phase cells, sug-
gesting that ATR is responsible for a subset of foci indepen-
dent of those induced by ATM (Figure 8, Table 2). Combin-
ing ATM and ATR deficiencies results in complete
abolishment of y-H2AX induction, in M-phase nuclei and
cycling cells, demonstrating that these two proteins are com-
plementary, and completely responsible for IR-dependent
v-H2AX induction, at least over the time course we exam-
ined (Figure 9, Table 2). Because we restrict our analysis to
cells that have already undergone nuclear breakdown, it is
clear that the foci we are seeing were induced in M phase.
Thus, ATR clearly plays a role in damage recognition out-
side of (as well as within) the context of normal replicative
DNA synthesis.

What is the lesion that ATR is recognizing? One possibility
is that a subset of IR-induced lesions, or their repair inter-
mediates, are characterized by the presence of extensive
ssDNA, which, when complexed with replication protein A
(RPA), is an attractive substrate for ATR/ATRIP complex
binding (Zou and Elledge, 2003). Alternatively, it was re-
cently shown that ATR is necessary for the S-phase DNA
cross-link checkpoint in human cells, demonstrating that
this lesion, in S-phase cells at least, is recognized preferen-
tially by ATR, and not ATM (Pichierri and Roselli, 2004).
Although repair of interstrand cross-links (ICLs) is poorly
understood, they are believed to be minor products of IR-
induced DNA damage (Friedberg et al., 1995). However,
current research suggests that cells must first enter S phase
to convert ICLs into DSBs (Niedernhofer et al., 2004; Roth-
fuss and Grompe, 2004), thus, it remains to be determined
what lesion(s) are recognized by AtATR in M-phase cells.

In this article, using immunological detection of plant
v-H2AX, we demonstrate that phosphorylation of H2AX
occurs rapidly after IR, as in fungi and mammals, and that
the rate of y-H2AX focus formation in plants is about three-
fold lower, on a per Gy, per Gbp basis, than in mammalian
and yeast cells. We also examined y-H2AX focus formation
in atm and atr plants and determined that AtATM is respon-
sible for the majority (~90%) of IR-induced foci in M-phase
cells. Focus formation is completely abolished in atm,atr
double mutants, confirming that AtATR is responsible for
the residual foci induced in atm plants. Significantly, because
we limit our examination to M-phase cells, we show that
ATR contributes to IR-dependent y-H2AX focus formation
in non-S-phase cells, suggesting a novel role for ATR in
response to IR distinct from its role during replication.

The development of the plant-specific y-H2AX antibody
should be useful for future studies of plant DNA metabo-
lism. Using the y-H2AX antibody, we have also observed the
presence of y-H2AX in unirradiated floral bud tissue, and in
irradiated interphase atm-deficient cells (J. Friesner, unpub-
lished observations), suggesting that the conservation of
v-H2AX function will extend to cells undergoing meiotic
recombination, as well DNA replication.
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